and incubated at 20°C for 36-46 h before dissection and imaging of their embryos. For double depletions, dsRNAs were mixed to obtain an equal concentration of 1 mg/mL for each dsRNA. For lethality assays investigating the functionality of spdl-1 and ndc-80 transgenes, L4 worms injected with dsRNA were singled 24 hours post-injection. Adult worms were removed from the plates 48 hours post-injection and hatched larvae and unhatched embryos were counted 20 hours later at 20°C.
Immunoblotting
Immunoblots were performed on whole-worm extracts (15 worms per lane for 100% loading) with affinity purified antibodies to NDC-80 (11) and SPDL-1 (7) using anti-α-tubulin as a loading control (DM1-α; Sigma-Aldrich). The primary antibodies, rabbit anti-NDC-80 and rabbit anti-SPDL-1, were pre-incubated with 0.5 mL of immobilized E.coli lysate (Thermo Scientific) per µg of antibody at room temperature for 1hr before addition to the nitrocellulose membrane.
Yeast Two-Hybrid Analysis Two-hybrid analysis was performed according to the manufacturer's instructions (MATCH-MAKER TM , Clontech).
Live Imaging
For embryos expressing GFP:H2b and GFP:γ-tubulin, 5 x 2 µm z-stacks were collected with 2x2 binning and a 60x 1.4 NA PlanApo objective (Olympus) every 10 s at 19°C on a DeltaVision microscope (Applied Precision) equipped with a CoolSnap camera (Roper Scientific). Spindle pole separation was quantified as described (11) . Imaging for all other worms strains was performed on an inverted Zeiss Axio Observer Z1 system with a Yokogawa spinning-disk confocal head (CSU-X1), a 63x 1.4 NA Plan Apochromat objective, and a QuantEM: 512SC EMCCD camera (Photometrics).
Protein Expression & Purification
Open reading frames encoding all 4 subunits of the C.elegans NDC-80 complex were PCRamplified from cDNA and cloned into polycistronic expression construct pST39 (29) . Mutant versions were generated with the QuikChange Lightning Kit (Agilent Technologies). For expression of R N Z, ROD-1 and Zwl-1-6XHis were PCR amplified and cloned into pET21a and pACYCDuet-1 (Novagen), respectively. Proteins were expressed in BL21(DE3) rpm in a TLA100 rotor at 25°C. An aliquot from the top was removed as the supernatant sample; the rest of the supernatant was discarded. The pellet was resuspended in BRB80 + 10mM CaCl 2 for 10 min on ice. Equivalent amounts of supernatant (S) and pellet (P) were analyzed by anti-NDC-80 immunoblotting.
In vitro Translation [35] S labeled fragments of NDC-80 were prepared using TnT® Quick Coupled Transcription/Translation System (Promega (A) Location in the structure of the human Ndc80 complex (PDB 2ve7;(15)) of the 3 residues mutated in NDC-80 CH* . The red lettering marks the human residues; in parentheses below in black are the corresponding C. elegans residues that were mutated to alanine to generate the CH* mutant NDC-80. (A) Evidence that the ska-3 dsRNA is effective. A strain expressing SKA-1::GFP was imaged at metaphase. In the control metaphase embryo, SKA-1::GFP labels the spindles (white arrow) and kinetochores (yellow arrowhead) of metaphase embryos. Following SKA-3 depletion, SKA-1::GFP signal is no longer detected (the residual punctate signal is embryo autofluorescence). Bar, 5 µm.
(B) Embryo viability analysis for the indicated conditions. Error bars represent the SD of embryo lethality per worm. >1000 embryos from ≥10 worms were scored per condition. The results show that, in contrast to NDC-80 complex depletion, Ska complex depletion does not lead to significant embryonic lethality. WT curve is the same as in Fig. S1F . Error bars represent the SEM with a 95% confidence interval.
(E) Embryo viability analysis for the indicated conditions. Error bars represent the SD of embryo lethality per worm. >1000 embryos from >10 worms were scored for each condition. Depletion of SKA-3 in the presence of ∆Tail mutant NDC-80 does not result in embryonic lethality approaching that observed with the CH* mutant NDC-80. (A) Schematic of the ndc-80 genomic locus and the tm5271 deletion mutant allele. The tm5271 allele is lethal and harbors an in-frame internal deletion, predicted to encode a truncated form of NDC-80 (NDC-80 ∆41-118 ), in which part of the basic tail and the initial segment of the NDC-80 CH domain are lacking. In a balanced heterozygous mutant (panel on the right), the predicted truncated NDC-80 ∆41-118 protein is detectable by immunoblotting. Based on structural and biochemical analysis of the NDC-80 complex (15, 20) , the in-frame deletion likely abolishes NDC-80 microtubule-binding activity. Homozygous ndc-80(tm5271) embryos derived from a heterozygous mother hatch but arrest and die as larvae. As ndc-80(RNAi), which depletes maternal load, causes penetrant embryonic lethality (Fig. 2E) , the hatching of the mutant embryos is likely supported by maternally loaded wildtype NDC-80 protein. Image panels on the bottom show the larval arrest phenotype compared to a wildtype L4 larva. Bar, 50 µm. In C. elegans embryos, SPDL-1 is required for dynein localization to kinetochores (7) as well as for spindle checkpoint activation by promoting kinetochore localization of the Mad1/Mad2 complex (7, 31) . This figure shows that SPDL-1 F199A , while inhibiting dynein recruitment (see Fig. 4B ), does not prevent checkpoint activation and in fact triggers a checkpoint-dependent delay. Combining the SPDL-1 F199A mutant with checkpoint inhibition (via depletion of the conserved checkpoint protein Mad2 MDF-2 ) recapitulates the SPDL-1 depletion phenotype.
(A) Time-aligned image panels of GFP::H2b and GFP::g-tubulin (relative to NEBD) for the indicated conditions. The images depict delayed anaphase onset in SPDL-1 F199A mutant embryos and the abrogation of this delay following spindle checkpoint inhibition by depletion of Mad2 . Bar, 5µm. (B) Model, invoking RZZ-mediated inhibition, for the transition from dynein-mediated capture to Ndc80-mediated end-coupled attachment. We propose that it is not solely Spindly-dependent dynein recruitment but rather a subsequent dynein activitydependent mechanical force that alleviates RZZ inhibition and that this alleviation only occurs when a state that minimizes the potential for merotely is achieved. We postulate that during an initial capture event by kinetochore dynein, RZZ inhibits the Ndc80 complex ("Lateral" state in model). Given the short half-life of mitotic microtubules (32), the kinetochore dynein-bound microtubule will catastrophe leading its depolymerizing plus end to reach the kinetochore, where it is stabilized by dynein and exerts a force on the kinetochore dynein module ("Intermediate" state in model)-such a scenario is plausible based on in vitro biophysical experiments analyzing dynein interaction with depolymerizing microtubule ends (33, 34) . We suggest that this end-coupled force orients the chromosome and alleviates inhibition of Ndc80, either via a change in RZZ conformation or dissociation of RZZ from the kinetochore ("End-coupled" state in model). In this way, RZZ inhibition would help ensure that a kinetochore is oriented toward one spindle pole before end-coupled attachments are formed. Additional mechanisms, including chromokinesins (35, 36) , likely also contribute to this orientation function.
Supplementary Tables: Table S1 : C. elegans strains used in this study 
